The temperature characteristic of the RNA-dependent RNA polymerase induced after infection with fowl plague virus was determined. At temperatures below 34 ° the energy of activation in vitro was 16 kcal./mol, greater than above this temperature. The rate of synthesis of virus haemagglutinin and neuraminidase decreased rapidly below 34 °. At low temperatures the activity of the virus RNA polymerase may be rate limiting for virus multiplication. At 4 I° the virus RNA polymerase was unstable in vitro as well as in vivo. The synthesis of virus haemagglutinin and neuraminidase, however, was unimpaired. At 44 ° virus subunits were not produced. The host cells withstood 44 ° without any irreversible harm during the time of the experiment. It is uncertain whether or not at elevated temperatures the activity of the viral RNA polymerase was also rate limiting.
INTRODUCTION
The effects of temperature on the multiplication of viruses have been studied in various systems (see Fenner, 1968) . In chick fibroblasts infected with fowl plague virus at 25 ° all virus subunits are slowly synthesized to normal yields while infectious progeny is not produced. Furthermore, temperature-shift experiments have revealed the existence of a virus-specific precursor whose synthesis is especially sensitive to low temperature and whose activity disappears again during incubation at 25 ° (Rott & Scholtissek, 1968) . This precursor may be the virus RNA itself or one of its replicative forms. Recently the RNA-dependent RNA polymerase (nucleoside triphosphate: RNA-nucleotidyl transferase, E.C. 2.7-7.6) of an influenza virus (Ho & Walters, 1966) was studied in more detail (Scholtissek & Rott, 1969) . This enzyme synthesizes in vitro almost exclusively a RNA complementary (minus-strand) to the virus RNA (Scholtissek, I969) . Its temperature characteristic suggests that this enzyme is rate limiting in vivo for the multiplication of fowl plague virus below 34 °.
METHODS
Virus. The Rostock strain of fowl plague virus was used in all experiments. The virus was propagated in chick embryos.
Growth experiments. The conditions of infection of primary chick fibroblasts in culture at 37 ° and the assays used were described recently (Rott & Scholtissek, 1968 ) . For the growth of virus at different temperatures, the chick fibroblasts were grown in counting vessels of the Packard Tricarb scintillation counter. After infection at 37 ° the closed vessels were immersed in a water bath at the desired temperature. The virus activities were determined in both medium and cells.
Enzyme tests. The RNA-dependent RNA polymerase was assayed as described previously using a cytoplasmic extract of infected chick fibroblasts harvested at indicated times after infection (Scholtissek & Rott, 1969) . The results of corresponding experiments using the microsomal fraction cannot be interpreted properly, since it is difficult to rehomogenize such a fraction sufficiently.
Neuraminidase was assayed according to Drzeniek (1967) . Incorporation of radioactive precursors in vivo. The incorporation procedure was as described by Scholtissek (1968) except that the labelled cell layers in Petri dishes were washed three times with ice-cold phosphate buffered saline and the TCA-soluble material was extracted twice with each 5 ml. 6 % (w/v) ice-cold TCA. All values are corrected for quenching with the aid of an external standard.
Chemicals. The chemicals used were the same as described previously (Scholtissek, I968; Rott & Scholtissek, 1968; Scholtissek & Rott, 1969) . --0--3 "5 76,5 °0 55,700 3-6"5 0-3 I29,o00
----0-3"5 107,000 --0-3, 6-6-5 3-6 64,5o0 3-6"5 0-3 IO5,500
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Uninfected cells were incubated as indicated in the table. 30 min. before they were processed the isotope precursor was added to the culture medium (see Scholtissek, I968) . TCA, trichloracetic acid; -, not determined.
RESULTS

Effect of high temperature on cellular DNA-, RNA-and protein synthesis
Before studying the production of virus subunits in infected cells at elevated temperatures, the effect of these temperatures on the host cells were determined. Temperatures up to 44 ° had only a slight effect on the incorporation of labelled nucleosides and leucine into RNA or protein, respectively (Table I) . Only the incorporation of 3[H] thymidine was significantly impaired. Since sensitive feedback mechanisms are 10- 
At 44 ° there was up to 6 hr after infection at no time any haemagglutinin or neuraminidase detectable.
-, Not tested.
Temperature effect on influenza multiplication (I967) occurred more quickly. At 44 ° these cells produced neither haemagglutinin nor neuraminidase. When infected cultures were kept at 44 ° up to 3 hr and thereafter incubated further at 36°, they produced normal amounts of the viral subunits tested (Table 2 ). This implies that at 44 ° the virus RNA present from the infection is either stable or that there is still some residual multiplication of virus RNA at 44 ° which is faster than heat destruction. 
36
Synthesis of virus haemagglutinin and neuraminidase at various temperatures
Infectious fowl plague virus is not produced at 25 ° (Rott & Scholtissek, I968 ) and the infectivity of isolated virus is destroyed quite rapidly during incubation at elevated temperatures (Franklin & Henry, I96o). Therefore we studied only the synthesis of neuraminidase, haemagglutinin and, in a few instances, viral RNA polymerase (Fig. I) . Between 34 and 360 there was no significant difference in the rate of synthesis, while below 34 ° the rate decreased steadily.
Multiplication was studied at temperatures at and above 360 (Fig. 2) . At high temperatures heat inactivation of the virus subunits played a significant role. There was some indication that the optimal temperature for the synthesis of neuraminidase in vivo was somewhat higher than that of haemagglutinin although the neuraminidase activity of fowl plague virus was less heat-stable than that of haemagglutinin (R. Drzeniek, personal communication) . Thus at high temperature an equilibrium of synthesis and heat destruction of the virus subunits has to be postulated.
Temperature characteristics of the viral RNA polymerase
The temperature optimum of the viral RNA polymerase in vitro was at 380 (Fig. 3, 4) . At temperatures at and above 380 , however, heat-inactivation of the enzyme was Temperature effect on influenza multiplication 287 significant under the conditions employed (Fig. 4) . In an Arrhenius plot of such data the curve broke between 33 and 34 ° (Fig. 5) 
Temperature shift experiments
Infected cells were kept for 3 hr at 36° to allow the RNA polymerase to be synthesized. These cells were then incubated for another 3 hr at 4 I°. At this elevated temperature the enzyme titre did not increase further while the yield of haemagglutinin surpassed even that of the control which was kept for 6 hr at 36° (Table 3) . When the temperature was elevated further to 43 °, the enzyme activity decreased again showing the heat lability in vivo of the viral RNA polymerase (Table 3 ). These data indicate that after elevation of the temperature a steady state of synthesis and heat destruction of the polymerase is finally reached. Left: rate of synthesis of viral RNA in vitro using a cytoplasmic fraction prepared 5 hr after infection. At the times indicated on the abscissa the radioactivity in the RNA was determined. Right: the cytoplasmic fraction was incubated without labelled GTP and co-factors at 36, 38, or 40 °, respectively, for the times as indicated on the abscissa. Thereafter the samples were further incubated at the same temperatures for 5 rain. each, now with [Hal GTP and co-factors. ©, 36°; 0, 38°; z~, 40 °.
DISCUSSION
At temperatures less than 34 ° an inhibition of virus multiplication becomes significant. The break in the Arrhenius plot of the viral RNA polymerase in vitro between 33 and 34 ° (Fig. 5) demonstrates that below this temperature the energy of activation of this enzyme is about I6 kcal./mol, higher. Whatever this means in molecular terms, it suggests that below 34 ° the rate limiting factor in the multiplication of fowl plague virus is the activity of the viral RNA polymerase. Recent results on temperature shift experiments between 37 and 25 ° can also be explained by this assumption (Rott & Scholtissek, I968) .
Since chick fibroblast cells withstand temperatures up to 44 ° without evident harm (Table I ) the multiplication of fowl plague virus could be studied up to this temperature. At 44 ° fowl plague virus does not multiply significantly ( (Table 3 ). This implies that at temperatures between 34 and 4 I° the synthesis of RNA polymerase and of viral RNA is not rate limiting.
It has to be kept in mind that we are studying an influenza virus of chicken which normally infects a host with a body temperature of 4 I°. For human influenza viruses the temperature characteristic of the polymerase may be shifted to lower values. Nevertheless, these results raise the question whether it is wise to inhibit the fever during influenza infections. The excellent assistance of Miss H. Krombach and Miss B. Reh is gratefully acknowledged. This study was supported by the Deutsche Forschungsgemeinschaft. x9 J. Virol. 5
